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Measurements of Coronary Blood Flow and Degree of Stenosis:
Current Clinical Implications and Continuing Uncertainties
FRANCIS J. KLOCKE, MD, FACC
Buffalo, Nell" York
Initial measurements of coronary blood flow in human
beings were limited by methodologic inadequacies caus-
ing clinically important areas of reduced perfusion to be
incompletely represented or overlooked. More recent
measurements have provided insight into clinically rel-
evant pathophysiology. There has been increasing ap-
preciation of the need for values of flow to be related
to concomitant myocardial oxygen demand, and of the
importance of evaluating perfusion in relation to coro-
nary vascular reserve. Regional flow measurement tech-
Twenty-five years ago, in 1958, almost a decade had passed
since the initial application in human beings of the Kety-
Schmidt nitrous oxide technique for measuring coronary
blood flow (1) . While there had been intuitive hope that the
availability of coronary flow measurements would clarify
several clinical problems. the limited impact of initial mea-
surements reflected conceptual and methodologic issues which
had been difficult to anticipate . Four points gradually be-
came apparent:
I) Because coronary flow varies within the left ventri-
cle-to a modest degree normally and to a marked degree
in disease states (2) -any·flow measurement technique must
be able to take into account a rather wide distribution of
local flows inevitably included in whatever single value is
determined by the technique. Areas of below average flow,
often of primary clinical importance , are unfortunately most
easily overlooked (Fig. I) (3) .
2) Because of the essentially quantitative coupling of
coronary flow to myocardial oxygen demand, the interpre-
tation of any specific value for flow as "normal" or "ab-
normal " requires an ability to relate the value of flow to
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niques have progressed significantly during the past dec-
ade and.have provided better insight into perfusiondeficits
in ischemic heart disease. A greatly improved under-
standing of the relation between the arteriographic de-
gree of stenosis and perfusion limitation also has devel-
oped. in reviewing studies addressing these points, the
present article attempts to highlight their current clinical
implications and address continuing uncertainties mer-
iting further attention.
some index of myocardial metabolic demand at the time of
measurement.
3) Because of a large normal reserve capacity for va-
sodilation at the arteriolar level, coronary flow may be main-
tained at normal levels under resting conditions or during
modest stress in disease states in which proximal coronary
arteries are obstructed or the coronary circulation is other-
wise compromised. Traditional concepts suggest that au-
toregulatory vasodilatory mechanisms ate adequate to main-
tain flow at coronary arterial pressures as low as 50 mm Hg
(4,5) . In order to appreciate a latent flow abnormality, mea-
surements are needed when distal coronary resistance has
been minimized, either by augmenting myocardial demand
or dilating the arteriolar bed pharmacologically. A ventricle
that has used normal coronary reserve to maintain resting
flow will show an abnormally small increment in flow during
such an intervention.
4) Because of the clinical importance of regional reduc-
tions in flow (transmural and nontran smural alike), clinically
relevant flow measurements often need to be regionalized
to a much greater degree than originally anticipated. No
currently available technique suitable for human beings can
identify a truly homogeneously perfused segment of myo-
cardium. Important limitations remain in approaches for
isolating an area supplied by a specific coronary artery .
While quantitative measurements of coronary flow have
played a pivotal role in the elucidation of these now well
accepted principles. they have necessarily remained con-
fined to clinical centers that have had a special interest in
0735-1097/83/010031-11$03 .00
32 J AM COLL CARDIOL
1983;1:31-41
KLOCKE
...- LC
.:::-: ..:.. ~
::C::';::: AVERAGE F/W
-. FOR ENTIRE LV
:: :... (ml/min/IOOg)............ ?«< ".
..:(\:.~.-----J
~~ CS
Method: calculated from rate of entry or exit of a diffusible
indlcotor (Xe, Kr, antipyrine, A,N20, He)
Problem: conflicting results in CAD
Explanation: areas of low F /W overlooked:
Incomplete saturation or desaturation
Inappropriate monoexponential extrapolation
Figure I. Schematic representation of the left ventricle (LV) in coronary
artery disease (CAD) and summary of the basic problems involved in the
measurement of average flow per unit weight (F/W). The left circumflex
(LC) artery is free of disease. and perfusion is normal in the area of
myocardium that it supplies. The left anterior descending (LAD) artery
has a significant obstructive lesion. and perfusion is potentially below
normal in its distribution. Most measurements of coronary flow before the
mid 1970s made no distinction between these compartments but purported
to give an average value of flow (expressed as milliliters per minute per
100 g) for the entire ventricle. This value was calculated by measuring the
rate of entry or exit of a diffusible tracer (for example. xenonj Xe],
krypton[KrJ, antipyrine. argonjA], nitrous oxide[N 20 ] and helium[He])
from myocardial tissue. The details of the methodology varied with dif-
ferent tracers and laboratories (3). Of particular interest are the duration
of myocardial saturation and desaturation and the type of calculation used
to quantitate flow. If flow is indeed lower in the distribution of the anterior
descending artery than in that of the circumflex artery. the rates of entry
and exit of a tracer will be slower in the anterior distribution than in the
circumflex distribution. When the duration of tracer administration is brief.
tracer ~ill never reach the anterior descending area in adequate concen-
tration. When the period of desaturation is brief. washout in the anterior
descending distribution will also be monitored inadequately. Finally. the
use of a monoexponential calculation of flow involves a fundamental as-
sumption that flow is uniform throughout the ventricle: in fact. this is never
the case.
In view of these considerations. it is not surprising that the six tracers
cited have given conflicting results in coronary artery disease and that
average flow per unit weight for the left ventricle has been reported to be
both normal and abnormal. It is now clear (3,7) that these conflicting
results occurred because localized regions of reduced flow within the ven-
tricle were inadvertently overlooked, as a result of incomplete saturation
or desaturation or inappropriate rnonoexponential calculation, or both. The
principles outlined in this figure apply equally to measurements of regional
flow. which is also always heterogeneous to some degree. .
CS = coronary sinus. (Reprinted, with permission. from Klocke Fl.
Quantitative evaluation of coronary perfusion in man. Cathet Cardiovasc
Diagn 1975: I :349-60.)
them and that have been able to implement appropriate
methodology and evaluate results in relation to metabolic
demand, coronary reserve and local flow heterogeneity. Ac-
cordingly, flow measurements have been more useful in
elucidating pathophysiologic principles than in solving in-
dividual patient problems. This brief summary will address
three areas which perhaps illustrate that flow measurements
have played a meaningful role during the past 10 to 20 years
in the remarkable increases in sophistication and precision
of the clinical cardiologist's approach to disorders involving
the coronary circulation. In the hope of identifying areas
meriting continued attention in the years ahead, the discus-
sion will also suggest what can and cannot be expected of
individual flow measurements and assessments of the se-
verity of coronary stenosis at present.
Average Flow for the Entire Left Ventricle
Average flow per unit weight. Measurements of av-
erage flow for the entire left ventricle most commonly have
employed inert gas techniques that provide a value ex-
pressed in terms of flow per unit weight. that is, mllmin
per 100 g. This form is advantageous in minimizing apparent
flow differences related to differences in ventricular weight
among patients. Our own experience in double and triple
vessel coronary artery disease (6,7), which is similar to that
reported by Cannon et al. (8), is that average flow per unit
weight is reduced systematically even under basal conditions
in the cardiac catheterization laboratory, This finding was
initially surprising in the expectation that differences in flow
between normal subjects and patients with coronary heart
disease might be apparent only during stress. As outlined
in the subsequent discussion of regional flow, it seems un-
likely that the reductions in average flow merely reflect
inclusion in the measurement of areas of scar tissue as well
as functioning myocardium.
At present, measurements of average flow per unit weight
for the entire left ventricle have little clinical value in the
diagnosis of coronary artery disease but remain potentially
useful in defining the pathophysiology of disease states not
associated with coronary atherosclerosis. How per unit weight
measured under resting conditions in the cardiac catheter-
ization laboratory is reduced systematically in cardiomy-
opathic states (perhaps because of decreased contractility
and, therefore, a reduced oxygen demand per unit weight
of myocardium) (9). Transmural variations in perfusion,
probably often of primary importance clinical!y, remain im-
possible to assess directly in human beings.
Correlation with myocardial metabolic demand.
Attempts to quantitate coronary flow reserve and to correlate
hemodynamic variables reflecting myocardial metabolic de-
mand with measurements of flow and oxygen consumption
have been limited by both the invasive nature of techniques
for measuring flow and methodologic problems. In the early
1970s, the Minnesota group (10) documented three- to four-
fold increments in flow during bicycle exercise in young
men and established the usefulness of "double" or "rate-
pressure" product of heart rate and peak systolic pressure
as an index of global left ventricular oxygen consumption.
Limitations of the rate-pressure product as an index of ox-
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ygen demand have been summarized elsewhere (2.11). Of
particular note are the use of peak systolic pressure in place
of wall stress. an inability to deal with variations in con-
tractile state and an inability to identify regional differences
in demand from the global estimate.
Additional studies (12) by the Minnesota group after
beta-adrenergic receptor blockade emphasized that relative
metabolic loads for the whole body and heart are determined
separately. and do not necessarily change in parallel with
an intervention. When exercise was repeated in the presence
of propranolol . a significantly higher level of exercise was
required to achieve a heart rate of 120 beats /min. although
rate-pressure product and myocardial oxygen consumption
were the same at the two levels of exercise. Similarly. when
exercise to a given work load was repeated after the admin-
istration of propranolol. the work load was achieved at sig-
nificantly lower values of rate-pressure product and myo-
cardial oxygen consumption. The continued good correlation
of rate-pressure product with myocardial oxygen consump-
tion after propranolol may have reflected , at least in part .
"canceling" effects of directionally opposite influences on
oxygen consumption, for example, reduced contractility
secondary to beta-adrenergic receptor blockade versus in-
creased wall stress secondary to a larger heart size during
exercise. Also noteworthy was an 18% increase in average
coronary arteriovenous oxygen extraction at the same level
of rate-pressure product.
Coronary vasodilator reserve. The recent studies of
Marcus et al. (13) employing a Doppler flow probe applied
to a coronary artery at the time of open heart surgery indicate
that total vasodilator reserve is normally of the same order
of magnitude in human beings as in experimental animals,
that is. approximately sixfold. Preliminary reports (14,15)
using the same technique indicate that vasodilator reserve
is reduced importantly in pressure- and volume-overload
hypertrophy . These observations are consistent with pre-
vious reports (16) suggesting a limited flow increase in
response to dipyridamole in hypertrophy states and coronary
artery disease. The structural basis for this limitation in
hypertrophy remains unclear but could involve a lesser de-
gree of proliferation of vascular channels than myocardial
mass.
Coronary sinus thermodilution measurements.
Among noninert gas techniques used to assess overall left
ventricular perfusion, coronary sinus thermodilution (17)
has been employed most widely. This approach provides a
value of total flow, expressed in milliliters per minute. for
whatever portion of ventricular drainage enters the coronary
venous system upstream to the flow measurement catheter.
Comparisons of thermodilution values for flow with values
for flow per unit weight are difficult without knowledge of
left ventricular mass . The failure of most laboratories to
find a reduction in resting coronary sinus outflow in patients
with coronary heart disease may reflect a systematic increase
in left ventricular mass in arteriographically advanced dis-
ease (7, II) . Because thermodilution measurements can be
performed in 20 seconds, the technique is particularly at-
tractive when assessing changes in flow in response to in-
terventions and has been used widely for this purpose. Also,
because absolute values for flow normally vary with catheter
position within the coronary sinus or great cardiac vein. or
both , misleading changes can be recorded if catheter po-
sition changes during the intervention . This is probably an
important consideration during interventions associated with
changes in heart size , for example, atrial pacing. Results
have been variable in thermodilution attempts to define a
limited flow increment (and , therefore , a limited vasodilator
reserve) during arteriographic injection of contrast material
in patients with coronary heart disease . The variability no
doubt relates in part to variable submaximal dilation by
different amounts of injected contrast agent. as well as to
an inability to discriminate regional limitations in the overall
flow response.
Effect of physical training. Physical training may have
beneficial effects on the coronary circulation (18) . It is well
established that myocardial oxygen requirements are less
for any given level of exercise in a trained person . The
diminished heart rate is an important factor in this response,
while effects of hypertrophy or cavity dilation. or both, are
more difficult to distinguish . In addition to reducing oxygen
demand. the slower heart rate allows a greater duration of
diastolic coronary perfusion. Several studies suggest that
myocardial capillary density may be increased by training.
Reported effects of training on collateral perfusion vary and
no conclusion is possible at this time . Additional funda-
mental information about myocardial perfusion and perfor-
mance during exercise and training is needed.
Coronary resistance. Another important point which
can be mentioned only briefly is that recent studies (19.20)
suggest the presence of a dynamic .. back pressure" to flow
within the left ventricular bed which is appreciably higher
than either right atrial or left ventricular diastolic pressure .
These studies imply that most reported values of coronary
resistance must be reconsidered because of a probable over-
estimate of coronary driving pressure. even when mea-
sured flows have been methodologically secure. Changes in
driving pressure have probably often been involved in the
reported changes of coronary resistance in response to
interventions.
Evolving Concepts of the Relation Between
Degree of Stenosis and Flow Limitation
Although the importance of regional flow measurements in
coronary artery disease was recognized in the 1960 5. the
development of even invasive techniques suitable for human
beings took several years . Experimental studies bearing im-
portantly on the interpretation of regional flow measure-
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Figure 2. Relation between pressure reduction across a stenosis (liP) and
flow through the stenosis (Q ). Relations are shown for concentric stenoses
of 30. 50. 70, 80 and 90% internal diameter. The numbers in parentheses
below each percent diameter stenosis represent residual luminal cross-
sectional area. calculated on the basis of a normal internal diameter of 3
mm and cross-sectional area of 7.1 mm", A potentially important advantage
of the absolute area measurements is that they avoid underestimates of
percent stenosis related to the inadvertent use of a narrowed segment
adjacent to an arteriographic lesion when defining the severity of the lesion
in relation to normal vessel diameter (25). In the formulation shown here,
blood density and viscosity and stenosis length and divergence angle are
assumed to be constant. The level of flow corresponding to basal metabolic
needs is represented by the vertical dotted line; stenosis resistances for
this level of flow are shown as the dashed tangent lines to the individual
pressure-flow relations. In the inset on the right , stenosis resistance (R)
is plotted as a function of degree of stenosis. (Reprinted. with permission.
from the July 1982, Vol 7. No.3. Newsletter of the Council on Clinical
Cardiolog y of the American Heart Association. Inc.)
ment s have emanated from several laboratories during the
past decade and have provided important information about
the static and dynamic factors governing the functional ef-
fect s of a coronary stenosis. In addressing these factor s. it
is useful initially to isolate the proximal stenosis from the
distal coronary bed and examine pressure-flow relations across
the stenos is alone.
Pressure-flow relation across a proximal steno-
sis. Figure 2 schematically illustrates the relation between
pressure reduction across a stenos is and flow through the
stenosis . The relations shown have been derived from fluid
mechanics equations for steady flow of an incompressible
fluid in rigid tubes, but apply in principle to the in vivo
coronary circulation (21-24) . Two points are of special
interest: I) The relation between stenosis resistance and
degree of stenosis is highly nonlinear; and 2) resistance at
any given flow changes especially rapidly when stenoses
exceed 50% internal diameter; for example , resistance al-
most triples as stenosis severity increases from 80 to 90%
diameter reduction . Because of the relation between resis-
tance and degree of stenosis , an important change in clinical
statu s can result from a small increment in severity of an
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established stenosis. Such an increment might represent fixed
progression of the underl ying atherosclerotic process but
could also result dynamically from coronary spasm. a plate-
let aggregate or a small intramural hemorrhage . Conversely ,
a small decrease in stenosis severity, either static or dy-
namic. could have important therapeutic benefit.
The inset of Figure 2 also bears on the interpretation of
routine coronary arteriograms. Important inter- and intra-
individual variations in estimating the degree of stenosi s
have been documented by several laboratories; few of us
would expect to distinguish regul arly between 70 and 80%
or 80 and 90% stenoses . It is not surprising that arterio-
graphic progression cannot alway s be identified in a patient
whose clinical status has clearly worsened. Nor should we
expect similar functional consequences from all lesions to
which we assign a specific arteriographic severity. It is now
clear that patients with apparently similar arteriographic
findings often can be usefully grouped in subsets on the
basis of functional testing.
Functional consequences of a stenotic lesion. Figure
2 repre sents anatomic changes in severity of stenosis which
could be either fixed or dynamic . When evaluating func-
tional consequences of stenotic lesion s, one also needs to
con sider flow-related changes in resistance which occur
without any change in stenosis geometry. Figure 3 also
illustrates pressure reduction as a function of flow for ste-
noses of different severity to make three additional points:
I) Because of phasic variations in flow during each cardiac
cycle , substantial changes in pressure gradient occur during
each cycle; 2) these changes are modified by increasing
degrees of stenosis in a manner that importantly limits pos-
sible interpretations of measurements of mean pressure gra-
dient and flow for the entire cardiac cycle; and 3) because
of the nonlinear relation between pressure gradient and flow
for any given stenosis, an intervention that increases flow
across the stenosis may result in an important reduction in
distal coronary pressure and a redistribution of flow within
the area supplied by the stenotic artery.
Factors governing energy losses and pressure de-
crease across a stenosis. Provocative studies of clinical
and experimental stenoses have been carried out in a number
of laboratories during the past few years (21- 24, 27-29).
Some have measured pressure decrease and flow acros s
experimental stenoses in vivo. while others have studied
exci sed coronary arteries or in vitro models of an intact
coronary artery. Still others have attempted to measure in
vivo changes in the geometry of a stenosis or in arterial
dimensions immediately prox imal and distal to the stenosis.
In order to clarify limitations in interpretation of such stud-
ies, Figure 4 summarizes factors that govern energy losses ,
and therefore pressure drop across a stenosis, from a fluid
mechanics point of view. The total pressure drop acros s a
stenosis is potentially influen ced by three factors: viscous
losses. separation losses and turbulence.
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Figure 3. Relation between pressure decrease across a stenosis (6P) and
flow (Q) through the stenosis. Because the reduction in pressure varies
with flow. important changes in pressure decrease occur during each cardiac
cycle. The letters Sand D on the 50% stenosis line illustrate a situation
in which diastolic flow is. as usual, three times greater than systolic flow
and accompanied by a larger diastolic pressure gradient. Systolic (S) and
diastolic (D) pressure gradients on the 90% stenosis line are much greater.
and diastolic flow cannot increase in the usual amount because of the rapid
increase in stenosis resistance with flow. In the in vivo situation. changes
in pressure reduction and flow during each cardiac cycle are modified
further by instantaneous changes in downstream impedance related to ven-
tricular contraction and intravascular capacitance (26). With the stenosis
coupled to the downstream bed. post-stenotic systolic pressure is influenced
by a "retrograde pumping effect" of ventricular contraction and by the
stenosis itself. Systolic and diastolic flow patterns reflect associated ca-
pacitive effects. as well as the factors represented in the figure. The com-
plexity of these various interrelations indicates important limitations of
attempts to assess stenoses in terms of mean values of pressure gradient
and flow for the entire cardiac cycle. Although phasic measurements of
pressure gradient and flow are not yet feasible clinically. they should be
included in experimental studies of stenosis behavior.
The figure also illustrates an increase in resistance related to increased
flow for a 70% stenosis. Resistance (R). the tangent to the pressure-flow
relation. is more than twice as large during the high flow intervention as
under basal conditions, even though there has been no change in stenosis
geometry. The basis for the nonlinearity of the relation between pressure
decrease and flow relates to the fluid mechanics of stenotic lesions. One
important consequence of the relation, discussed further in the text. is a
reduction in coronary artery pressure beyond a stenosis during an inter-
vention that increases flow across the stenosis without changing the aortic
pressure. (Reprinted, with permission, from the July 1982. Vol. 7. No.
3, Newsletter of the Council on Clinical Cardiology of the American Heart
Association. Inc.)
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within the stenosis (which appears as a second order term
in both viscous and separation losses). 4) When evaluating
an intervention that may change the resistance of a clinically
important stenosis, primary emphasis should be placed on
the minimal cross-sectional area within the stenosis, ex-
pressed in absolute terms, that is, square millimeters. While
cross-sectional area in the post-stenotic region does influ-
ence separation losses, it becomes of minor importance when
the degree of stenosis exceeds 50% of internal diameter.
Thus, even though a variety of pharmacologic, neural and
metabolic interventions can affect the diameter of a coronary
artery just proximal or distal to a stenosis, any major effect
of an intervention on volume flow probably depends on the
intervention's ability to alter dimensions within the stenosis
(assuming that downstream impedance is not altered). Quan-
titative arteriographic studies suggesting that the minimal
cross-sectional area of stenoses in human subjects can in-
crease in response to an agent such as nitroglycerin (29) are
Figure 4. Factors governing pressure reduction across a stenosis. The
figure illustrates a stenosed artery with a flow Q, expressed as volume flow
per unit time, that is. ml (or crrr'j/rnin. Minimal cross-sectional area within
the stenosis is designated as A, and stenosis length as I. The cross-sectional
area of the normal portion of the artery beyond the stenosis is An. The
fine lines indicate streamline laminar flow patterns before. within and
beyond the stenosis. Downstream of the stenosis. flow profiles show sep-
aration from the vessel wall, with resultant vortex formation.
The total pressure reduction across the stenosis. 6P, is potentially
influenced by three factors: viscous losses, separation losses and turbu-
lence. Although the magnitudes of viscous and separation losses are both
flow-dependent. separation losses are proportional to Q2 rather than Q'.
The role of turbulence remains poorly defined. although our own studies
suggest that it is unlikely to occur other than in the separation region.
In the formulation shown, flow, Q. refers to flow through the artery
expressed as volume flow per unit time (cmvs). The relations would be
somewhat different if flow were expressed as flow velocity, that is, as
length per unit time (cm/s) (30). From the experimental point of view. the
present formulation is appropriate for volume flow measured with an elec-
tromagnetic flowmeter but not for velocity measurements made with a
Doppler type flowmeter. (Reprinted. with permission, from the July 1982,
Vol. 7, No.3. Newsletter of the Council on Clinical Cardiology of the
American Heart Association. Inc.)
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=•Fourpoints are noteworthy: 1) Separation losses become
increasingly prominent as flow requirements increase. They
are also accentuated by severity of stenosis, and importantly
determine the steepness of the relation between pressure
decrease and flow for high grade stenoses. 2) Since effects
of the length of a stenosis are manifest through viscous rather
than separation losses, stenosis length plays a less important
role than minimal cross-sectional area in determining energy
losses for most clinically important stenoses. 3) For any
given level of flow, the single most important determinant
of stenosis resistance is the minimal cross-sectional area
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Difficulties in quantitation of coronary steno-
sis. Having emphasized the importance of minimal stenotic
area, we need to keep in mind some of the difficulties
involved in its quantitation. Current clinical studies are, of
course, based on arteriography. Figure 6 schematically il-
lustrates some of the potential limitations of even technically
excellent arteriograms. Equally difficult problems arise when
trying to create an experimental stenosis of known severity
in an animal. It seems inevitable that external constricting
devices, adventitial sutures and other similar approaches
produce a variable and irregular luminal geometry which is
difficult, if not impossible, to quantitate experimentally and
arteriographically.
Figure 6. Potential effects of differences in lesion geometry on arterio-
graphic estimates of lesion severity. Shown is a coronary artery with a
normal internal diameter of 3.0 mm, corresponding to an intraluminal
cross-sectional area of 7.1 mrrr'. In the middle of the artery is a stenosis
apparently narrowing its internal diameter to 0.9 mm, that is, by 70%.
Two of the many possible luminal cross-sectional geometries are shown
below. On the left is a concentric stenosis with a cross-sectional area of
0.64 mnr'. On the right is a crescent-shaped lesion. with a luminal cross-
sectional area of 0.23 mm'. that is. '" 1/3 that of the concentric lesion .
Because of this lesion's geometry. no arteriographic view would record
an internal diameter less than 0.8 mm. that is, a stenosis greater than 73'7c .
The physiologic behavior of the lesion is closer to that of a concentric 80
to 85% stenosis. Geometric problems of this type also bear on the clas-
sification of stenoses of moderate arteriographic severity as "clinically
insignificant." For example, using relative dimensions similar to those in
the figure, crescentic stenoses with apparent 30 and 50% diameter reduc-
tions on arteriography could have the functional significance of 60 and
70% concentric lesions. respectively. The most vexing part of this problem
is that we currently have no definitive way to approach it, or even to define
the frequency of its occurrence; it is possible that geometric lesions such
as that shown on the right occur infrequently in vivo (as compared with
postmortem). Radiographic approaches intended to address the issue of
nonconcentric or nonelliptical stenosis geometry would have to involve
densitometric measurements within stenotic areas. Another possibility. also
not feasible at the moment. would be to define a tomographic cross section
of the artery at the point of minimal stenosis. (Reprinted, with permission,
from the July 1982. Vol. 7. No.3, Newsletter of the Council on Clinical
Cardiology of the American Heart Association, Inc.)
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of considerable interest. At least some stenotic lesions prob-
ably also can respond passively to changes in intraluminal
pressure (28).
Figure 5 illustrates experimental data summarizing the
relation between flow and degree of stenosis in the intact
coronary bed, that is, with the proximal stenotic lesion
coupled to the distal coronary bed. Coronary reserve is
limited by relatively moderate stenoses. Lesions obstructing
internal diameter by approximately 70% or more compro-
mise even resting flow. The findings seem compatible with
the concepts just presented, as well as with the measure-
ments of regional flow in patients to be discussed subsequently.
Figure 5. Relation between coronary flow and degree of stenosis in the
intact coronary bed. Flow under resting conditions is designated by an
arbitrary level of 1.0. Degree of stenosis in this case is expressed in terms
of reduction in luminal cross-sectional area, assuming concentric geometry;
30, 50, 70 and 90% diameter stenoses would correspond to area reductions
of 50, 75, 90 and 99%, respectively. The upper curve and data points
represent maximal possible flow when coronary reserve is fully utilized.
that is, flow during maximal vasodilation at a normal aortic pressure. The
curve has been derived from a large scale model of the coronary circulation,
instrumented to permit detailed pressure and velocity measurements before,
within and beyond stenoses of different configuration (here concentric)
(23). The data points are derived from in vivo studies of artificial stenoses
in dogs by Gould and Furuse and their co-workers. The lower line and
data points are control values from the same studies, that is. values before
vasodilation with normal autoregulatory mechanisms intact. (Reprinted
from Mates RE, Gupta RL, Bell AC, Klocke FJ [23], by permission of
the American Heart Association, Inc.)
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recentl y been reported by several groups (35- 37) in patients
with left anterior descending artery stenoses. Infusion rates
of cold saline solution of 50 to 55 ml/min are presumed not
to affect great cardiac vein outflow, and attent ion is paid to
possible changes in catheter position during interventions.
Absolute levels of great card iac vein flow measured with
thermodilution are expected to be less than total left anterior
descending artery flow, becau se a significant portion of an-
Figure 7. Relation between regional flow and rate-pressure product in 14
patien ts with high grade proxim al left anterior descending artery stenoses.
Flow per unit weight (F/W) in the anterior descending distributi on was
derived from arterial and great cardiac vein (GCV) helium desaturation
curves obtained after the patient breathed a 75% helium-25'7c oxygen
mixture for 20 minutes <3.34). Degree of stenosis was estimated indepen-
dently by two experienced arter iographers. using multiple angulated as
well as nonangulated views . Differences between interpreter grading were
resolved by jo int examination of films and. rarely. by consultat ion with a
third arteriographer. The maximal reduction in diameter noted in any view
was 70% in eight cases. 90% in two cases and 100% in four cases .
Ventriculographic anterior wall motion was normal or mildly reduced in
II cases: small akinetic segments were apparent in only 3. Collateralization
of the distal anterior descendin g artery was present in one case of 70'1<
stenosis and five cases of 90 to lOO'7c stenosis . Arterial-great cardiac vein
lactate extraction ratios. measured in three cases . were 0. 17. 0 . 19 and
0 .35 . respec tively.
The upper black line is the linear regression of flow per unit weight
on rate-pr essure product (Sys tolic BP x HR x 10- ~ ) obtained previously
from simi lar measurem ents employing helium desaturation (sometimes
with coro nary sinus rather than great card iac vein sampling) in 25 patients
with normal coron ary arterio grams and left vent riculograms and a chest
pain syndrome thought not to represent angina pectoris. The dashed and
dotted lines depict the 95% confidence limits for slope for the regression
line. The upper arrow at the ordinat e point s to the mean value of flow
per unit weight for this reference group (70 rnl/min per 100 g). The equation
for the regression line is flow per unit weight = 0 .62 DP + 16 (r =
0 .56 . p < 0 .005). Data from many of these patients were originally reported
in reference 7.
The lower black line and accompanying dashed lines are the regres-
sion line and 95% confidence limits for slope for the 14 patients with left
anterior descendin g coronary stenosis. Values of flow per unit weight are
reduced systematically and vary to an abnormally small degree with rate-
pressure product (F/W = 0.05 DP + 40 . r = 0. 14. 0.05 < P < 0. 10).
The mean value of flow per unit weight. shown by the lower arrow at
the ordinate , is 45 ml/min per 100 g.
BP = blood pressure : DP = double (rate-pressure) product; HR
heart rate: r = correlation coefficient.
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Regional Flow Within the Left Ventricle
Quantitative measurements of regional left ventricular flow
in con sciou s human subjects have usually employed either
selective sampling of venous outflow from a localized por-
tion of the left ventricle or selective precordial counting of
radioactivity originating from a local area within the left
ventricl e (3,31). Regional venous sampling has most com-
monly involved positioning of a cardi ac catheter at a specific
point within the coronary sinus or its distal continuation,
the great cardiac vein. The great cardiac vein arises as the
anterior interventricular vein reache s the atrioventricular
groove. Near its origin it is known to contain venous blood
draining primarily, though not necessarily exclusively, from
myocardium supplied by the anterior descending artery
(32,33).
Relation between degree of stenosis and regional
flow, Using great cardiac vein sampl ing and inert gas tech-
nology adequate for heterogeneous perfu sion , our laboratory
has studied patient s with isolated obstruction of the proximal
left anterior descending artery in an attempt to evaluate the
relation between arteriographic degree of stenosis and re-
gional flow in human being s (34) . Findings under resting
conditions are summarized in Figures 7 and 8. In order to
relate flow per unit weight to concomit ant myocardial ox-
ygen demand, individual values of flow per unit weight are
plotted against rate-pressure product. The resulting data points
are then compared with the relation between left ventricular
flow per unit weight and rate-pressure product observed
previously in patients with a chest pain syndrome thought
not to represent angina pectoris and having normal coronary
arteriograms and left ventriculograms. In patients with ste-
noses that reduce left anterior descending artery internal di-
ameter by 70% or more, regional left anterior descending
flow per unit weight shows a systematic reduction in relation
to normal individuals, and varie s to a remarkably small
degre e with increasing values of rate-pre ssure product. In
patients whose left anterior descending artery diameter is
reduced by only 50%, findings are more variable, with val-
ues fall ing within the normal range in approximately 40%
of patients and below the 95% confidence limits for normal
in approximately 60% of patient s. In order to evaluate po-
tential limitations in coronary vasodilator reserve, flow per
unit weight has also been measured durin g atrial pacing at
subanginal threshholds in several patients with 50% diam-
eter stenos is (Fig. 9 ). All but one patient showed a limited
increment of flow per unit weight with a 50 to 100% in-
crement in rate-pressure product. This corre sponds to the
abnormally small slope of the regression of flow per unit
weight on rate-pre ssure produ ct in patient s with reduced
resting values of flow per unit weight.
Thermodilution measurements of great cardiac vein
outflow. Such measurements were included in the original
description of the technique by Ganz et al. (17) and have
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Figure 8. Relation between regional flow and rate-pressure product in
patients with a 50% diameter stenosis of the proximal left anterior de-
scending coronary artery. Flow per unit weight and arteriographic degree
of stenosis were measured as described in Figure 7. Ventriculographic
anterior wall motion was normal in ali but one case. which was also the
only case to show collateralization of the distal anterior descending artery.
Arterial-great cardiac vein lactate extraction ratios. measured in 10 cases.
ranged from 0.14 to 0.48 and averaged 0.36.
The central black line is again the linear regression of flow per unit
weight on rate-pressure product for the normal reference group described
in Figure 7. The outer dashed lines represent the 95% confidence limits
for individual data points (rather than slope).
Data points for 6 of the 15 cases of anterior descending artery stenosis
fall within the 95% confidence limits for the normal reference group. Values
for the remaining nine cases fall below these limits and are similar to those
in Figure 7. The arrows at the ordinate indicate mean flow per unit weight
for the two subgroups (43 and 63 ml/min per 100 g. respectively). Ab-
breviations as in Figure 7.
terior descending artery inflow normally reaches the coro-
nary sinus through marginal and posterior descending veins
rather than through the anterior interventricular vein (32,33).
This latter point can be appreciated by noting the regularity
with which the posterior descending vein is opacified after
left coronary injection of radiographic contrast agent in pa-
tients whose posterior descending artery arises from the right
coronary artery. The fact that great cardiac vein drainage
does not include all anterior descending outflow is not a
problem for measurements of flow per unit weight; these
use a diffusible indicator to follow tissue-blood exchange
and require only a representative aliquot of left anterior
descending outflow.
Although there is no question concerning the utility of
great cardiac vein rather than coronary sinus sampling in
cases of left anterior descending artery stenosis (34), great
cardiac vein sampling does include venous drainage from
early diagonal branches of the left coronary artery and any
branches of the anterior descending artery originating prox-
imal to the stenosis under consideration. Careful assessment
of the Venous phase of coronary arteriograms also is helpful
in recognizing marginal veins that course anteriorly near the
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Figure 9. Response of regional flow to atrial pacing at levels below the
anginal threshhold in seven patients with 50% diameter stenoses of the
proximal left anterior descending coronary artery. Flow per unit weight
(F/W) and arteriographic degree of stenosis were measured as described
in Figure 7. Ventriculographic anterior wall motion was normal at each
patient's spontaneous heart rate. No patient showed distal anterior de-
scending collateralization on arteriogram.
Six of the seven patients showed a limited increment of flow per unit
weight in relation to rate-pressure product L6F/W/6DP = 0.13 ± 0.09).
corresponding in magnitude to the abnormally small slopes of the regres-
sions of flow per unit weight on rate-pressure product of all patients in
Figure 7 and patients with reduced resting values of flow per unit weight
in Figure 8. Arterial-great cardiac vein lactate extraction ratios. measured
during pacing in five patients. were 0.34.0.33.0.30.0.15 and -0.03.
In the latter case. the prepacing ratio was 0.14. Abbreviations as in Figure
7.
base of the heart and enter the great cardiac vein near its
junction with the anterior interventricular vein.
Measurements during angina pectoris. Although the
concept of an inadequate regional flow increase during pac-
ing-induced angina is well established. thermodilution mea-
surements by Fuchs et al. (37) indicate a normal increment
in great cardiac vein flow during subanginal pacing incre-
ments in patients with proximal left anterior descending
artery stenosis. The basis for the apparent difference be-
tween these findings and those in Figure 9 is unclear. Also
of interest are the reports of Marzilli (38). Selwyn (39) and
their co-workers suggesting actual decreases in flow during
pacing-induced angina. Our laboratory suspects that a clearer
understanding of regional supply-demand relations and cor-
onary reserve will be needed to place these varying findings,
as well as those in Figures 7 and 8, in proper perspective.
While reductions in resting regional flow per unit weight
are probably influenced to some degree by a mixture of scar
tissue with viable myocardium, clinical and catheterization
data lead us to doubt that the reductions are due entirely to
reduced perfusion in scar tissue. As implied in Figure 5, it
seems likely that post-stenotic coronary artery pressure can.
even under resting conditions, fall below the lower limit of
normal autoregulatory vasodilator compensation. that is.
=50 mm Hg. Local reductions in thallium exchange not
associated with clinical evidence of myocardial ischemia.
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and presumably representing hypoperfusion of viable myo-
cardium under resting conditions, have been reported by
several groups (40).
Recent studies in conscious dogs (41,42) indicate that
even modest acute reductions in local myocardial perfusion
are associated with reductions in local myocardial perfor-
mance. The possibility that local metabolic demand can be
reduced chronically as an adaptation to inflow limitation
was suggested in the early 1970s (7) and remains an inter-
esting, though unsubstantiated, explanation. Chen et al. (II)
have provided data indicating that left ventricular wall thick-
ness and mass are systematically increased in patients with
multivessel coronary disease, and suggested that reductions
in resting flow per unit weight result from systematically
lower values of wall stress in such patients than in normal
persons. Adjustments in local contractility are suggested by
videodensitometric measurements of anterior ventricular
thickening and thinning rates in patients with left main or
proximal anterior descending coronary stenosis at the Mayo
Clinic (43). Systemic reductions occurred at rest in the ab-
sence of chest pain or other evidence of ischemia in persons
who had not had a previous myocardial infarction. In ad-
dition, the reductions were greater in patients with more
than 90% obstruction of luminal cross-sectional area than
in patients with less than 90% stenosis.
Problems in evaluating changes in regional flow dur-
ing interventions. An important additional limitation of
currently available techniques for measuring regional flow
in human beings relates to situations in which changes in
flow measured during an intervention may be directionally
misleading because of a redistribution of flow within the
segment included in the measurement. As illustrated in Fig-
ure 3, flow-related increases in pressure gradient across a
stenosis cause post-stenotic coronary pressure to decrease
if the increase in flow is not accompanied by a similar
augmentation of aortic pressure. If vasodilator reserve has
been exhausted in any portion of the stenotic segment before
the intervention, an adverse redistribution of flow away from
the vulnerable portion of the segment is expected:
I) Assume that a coronary arteriolar vasodilating agent.
for example, dipyridamole, is administered to a patient in
whom vasodilator reserve distal to a stenosis has been ex-
hausted in the subendocardium but not in the subepicardium.
Owing to the residual capacity for vasodilation in the sub-
epicardium, total flow through the stenosis will increase,
but this increase will be associated with a reduction in cor-
onary pressure beyond the stenosis. Because subendocardial
flow depends directly on this pressure, it will decrease. The
decrease in local subendocardial perfusion could have clin-
ically important consequences. but will be obscured by the
measured increase in perfusion across the myocardial wall
taken as a whole.
2) A similar problem in interpretation arises when a change
in full-thickness myocardial flow is measured in a segment
of the ventricle in which some distal branches and the prox-
imal parent artery are stenosed. If a flow increase in a
nonstenosed portion of the distal bed causes total flow across
the proximal stenosis to increase, pressure beyond the prox-
imal stenosis will decrease. If local vasodilator reserve has
been exhausted in a stenosed portion of the distal bed, flow
in this portion will decrease. The measured increase in flow
for the entire segment supplied by the proximal stenosis will
not reflect the distal perfusion deficit and may again be
conceptually misleading.
Role of coronary collateral flow. Another unquestion-
ably important topic in any discussion of regional flow in
coronary disease is collateral flow. Despite the often crucial
importance of collateral circulation, quantitative measure-
ments of collateral flow have been attempted infrequently
in patients. largely because of methodologic limitations of
even invasive flow measurements. As emphasized in a re-
cent review of human collateral circulation by Gregg and
Patterson (44). the extrapolation to human beings of findings
in experimental animals is complicated by important spe-
cies' differences in collateral circulation and by an inability
to model human coronary artery disease adequately. Indexes
of collateral circulation such as peripheral coronary pressure
have been measured on a few occasions at the time of bypass
surgery. The study of Goldstein et al. (45) found that pe-
ripheral coronary pressures averaged only 50% of simul-
taneous aortic pressures in patients with extremely promi-
nent collateral vessels on angiography. This finding seems
consistent with a recent study from our own laboratory using
a double inert gas technique in patients with total occlusion
of the left anterior descending coronary artery and prominent
collateralization of an angiographically active distal anterior
wall from a nonstenosed right coronary artery (46). Resting
flow per unit weight in collateral-dependent myocardium
was consistently less than simultaneous flow per unit weight
in adjacent noncollateralized myocardium in the same heart,
and than resting flow per unit weight at the same level of
rate-pressure product in the normal reference group shown
in Figures 7 and 8. Additional definition of the quantitative
capabilities of the coronary collateral circulation in human
beings is needed and may be of considerable clinical interest.
The concepts expressed in this article have originated largely from col-
leagues and trainees at State University of New York at Buffalo. over
almost as long a period as the American College of Cardiology has pub-
lished an official journal' While their names are too numerous to mention
individually. they are reflected in the authorship of our laboratories' pub-
lications. Particular appreciation is also extended to Ann Salter. who has
facilitated our laboratories' scientific efforts so effectively for more than
a decade, and to the superb supporting staffs of the Cardiac Catheterization
and Angiology Laboratories at the Buffalo General Hospital and Erie County
Medical Center.
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